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FORUMRD

In 1941 the clo formula added tremendous impetus to the science of
cold-weather clothing by describing dry insulation in precise quantitative
pbysical terms rather than co paratively vag e qualitative ones. No such

Sparaeter has been available for describing the evaporative he- transfer
characteristic of clothing. which is the major factor In beat loss. As a
result. the clo forimla could not be used in any enviror %ts where the
san was sweating.

The etreas of a hot environment can be predicted witk rmmsIanabl-
accuracy on a nude man. However, there has beeno way or extending tbo
prediction to men wearing variouf typos of clothing. To the Quartermas--.
Corps this lack of guidance is a serious shortcoming, since one of its .

missions Is to provide suitable clothing for the soldier for all envIron-
, ] enlts. .".

In this paper, a new index i developed and the dry insulation, or
dlo, formula is extended to include those cases where sweat evaporation is
important. This supplies the missing factor in the mn-clothing-environ-
ment complx and allows hot-weather clothing syste= to be quantitativel"y
described.
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ABSTR1ACT

rrom theoretical eonaiderations a new clothing param'eters aoistunm
permebility Index, has been developed. The existing Oclo* forrula
relating dry clothing insulation and am~bient torperature to man's heat
loss has been extended to include evaporative heat tronsfer. This ex-
tension indicates a range o~n which the clothed m'an may miaintain thennal
equilibrium. This concept of range applies in all types of enironmsents

* and ttwu one theory is applicable to hot, temperate, and cold envirod-
ments. The theory also 2ajlete~ the liwitation of mswet evaporation
as a cooling zschanon.

A method Is described for measuring moisture permability Index.
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MOISTURE PERABILIT' IN= -
A NN INDEX FOR DESCRIBING EVAPORATI -.

HEAT TPANSFER THROUGH FABRDX SYSTEMS

* 1. Introduction

The Introduction by Gagge, Burton, and Bazett (3) of the quantitative
* concept of therral insulation ga'" a great impetus to the science of

clothing. Not =4 did it &establish a quantitative measure, but also,
and perhaps more importantt it provided a prediction formula for the man-
clothing-environment complex by relating heat loss and skin temperature
to clothing insulation and to environmental temperature. The formala was,
however, limited to dr heat loss; the lack of an evaporative heat loss
factor made it unsuitable when sweating occurred, such "s in hot environ-
ments or in cold environments when the man is exercising.

The thermal balance between man and the environment without the
clothing factor hat been discussed in earlier reports (7,9). In these
studies, the effects of temperature, humidity, wind, and radiation were
related to heat dissipation, skin temperature, and skin humidity fnr the
uude tAi. Fictors were included for clothing and an indication given o -
how clothing will affect man's thermal balance. But the parameters were
expressed by hypothetical symbols which are not readily measured in
numerical terms for specific clothing materials.

It is, of course, well known that clothing impedes the transfer or
escape of moisture vapor which is formed by the evaporation of sweat at
the skin. Moisture vapor which accumulates within clothing raises the
local humidity and thus tends to slow down the rate of sweat evaporation

*and the accompanying removal of heat from the skin surface.

Several investigators have attempted to estimate this impedance to - "
removal of moisture vapor by measuring the resistance to moisture diffu-
sion of textiles in still air. This work culminated in the classical
paper of Whelan et al (6), who established a relationship between febric p
structure and the resistance to moisture diffusion. However, *hade in-
vestigators measured the resistance to diffusion through the textile from
one mass of still air to another. This value may be quite different from
that for the impedance to evaporation from a moist surface, through a
tex-tile fabric placed over it, to an environmental mass of air which is
generally moving. Under the latter condition, there is not only diffusion
of moisture vapor through the fabric but also mass movement of air through,
over, and even under it which carries off the moisture vapor. Lndeed, al-
though the results of mo-sture diffuaion experiments are perfectly valid,

'they cannot be readily applied to the sweating man-clothing-environment
Sovplex, in which not only diffusion of moisture vapor but also its trana-
for by convection takes place.

L_
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Physiologists who have investigated heat stress in clothed man (4,,5)
have invuriably described the clothing in qualitative teres since there
has been no quantitatiY figure (such as the dlo unit of insulation) bY
which clothing properties CO1ul! iie evaluated. Belding and Hatch (1) Oon-
elude that heat stress indices must be made on a no-clothing basis since

*limitations of available knowledge m prevent the MW of a clothiri factor.

The aim of this report is to supply the required clothing perameter,
to indicate its relationship in the man-clth ing-nvirenment ccmplex, and
to outline the technique of neasurerent. The new parameter, which is an
1idex of the permeability of clothing to moisture vapor, will be termed
moisture permeability index, or simply "permeability index," and denoted

b'- "im.0 It will be shown that it can be included as a second clothing
parameter (dry therml insulation being the first) in the general equation
for heat transfer between the skin and the enviroment.

Such an equation can be tsed by the envirormental scientist in pre-
dicting ranges of environment and metabulic activity in which therval
equilibrium can be maintained, rather than the single environmental tamp-
ersature or heat loss given by the older clo formula of Gagge et al (3).
The permeability index can also be used by the clothing technologist as
a f ignre of merit for clothing or fabrics. In addition, the index 6nd
its development is of use in promoting understandW of the mechanism of
heet loss from the skin of a man not only when clad in light clothing in
warm environments, but also when clad in thick or heavy clothing Jn tamp-
erate or cold envirovnts.

2. Theory

. The formula relating dry heat loss through clothing from the skin to
the environment is

Ts - squation 1

wbere:

- rate of dry heat loss per unit area

- skin temperature
Ta - ambient temperature
I - insulation, or thermal resistance of the clothing

plus overlying air layer

This is the Oclow formula of Oege et al (3) except for omission of
the numerical coefficient used when expressing I in dlo units. It can be
seen that for a given heat loss Hd, skin temperature Ts, and insulation I,
t-ere is one, and only one, value of the ambient temperature T . Actualy,
h'ever, a human can maintain thermal balance at higher ambien t pera-
tures than specIfied by this formula since additioal heat can be dissi-
paetd by evaporstion of sweat. Thus, there is a range of environmental

i2



temper, ' ures over which thermal equilibrium can be maintained and equAtA.
I gives only its lower limit. .i:

If heat transfer occurs by both dry and evaporative meanop thin

0 Ed R* qUation 2

vhere.

B - total rate of beat transfer per unlt area
He - rate of evaporative heat transfer per unit area

The evaporative heat transfer He can be exproseed IV

where-

P5 W the vapor pressure of the skin
p" - the vapor pressure of the air
E"- the resistance to evaporative heat transfer per unit

of vapor pressure difference across clotling plus
overlying air layer

Equat.cvn 2 can then be rewritten (aubstitutinr vcluc of H,4 fro- equzti I "
and value of He fromi eqia-lnn 3) ass

Ts Ta psPa
4 Equation1

In this equation V, TS and ps are the van (or physiological) parameters,
T. and Pa are environmental parameters, and I and E are parameters deter-
mined by the clotbing plus overing air layer.

Equation 4 applies not only to skin covered by clothing but to any
surface which is supplied with heat and moistue which causes ps to differ
frcm pa.

The value of E may be determined by placing t'he clothing or fabric
system on an unheated or vatted surface end allowing it to come into
equiJbrium with its surroumdings. H in eqv-ation h io then equal to zero
and all other parameters except E can be measured. Ta and pa are the
ambient temperature and vapor pressure, T. is the temperature attained by L
the surface, and p5 is the saturated vapor pressure at T.. The insulation
I of the clothing system can be determined by conventional means.

An evaporative heat transfer characteristic for a tetile which In
more definitive than E can be derived as follows by rewriting equation 4:

H [(Ts Ta) +  (ps pa Equationlha a
--... ..... _
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PA

For a bare, wattad. unheated aurface in a rapidly ovi.rg air Aram
(i.e.. a wet-bulb tramometer). B equals zero and equation 4& becoes"

I' t -TvEquation 4b=P=- Pa i

whom: .

Tw - the temperature of the wet-bulb thermometer
pw - the saturated vapor poressure of water at the wet-bulb

* tapraturs
I' a the value of I when applied to a wet-bulb thermometer
R = the value of E when applied to a wet-bulb ther-aces-

T ' is a constant (or very nearlyso and was denoted by

*The pramee ~ osteulto C0 pr soH ar res uroedy .

SS in an earlier report (9). If the ratio T/E to I /E is denoted by In*
, the per 12bility index. equation 4 can Ibe written iLn the form ..

! ] . vapor pressure difference to an effective tes~rature difference.'.i

The permeability index, i. takes the form of an efficiency factor.
!t has a theoretical range from ur-4ty (for the ideally permeable system)
to term (for the completely impermeable one). It does not include thick-
ness or insulaticn value and it is also a dimensionless quantity, so that
it has the same value regardless of the system of units used. It is felt.
therefore, that in Is a more satisfactory term by which to describe wol5-
ture permeability than E. which increases with thickness of clothing and
has different numerical values depending on the system of units used.

Beat loss from the body when not sweating Is then given theoretically
by the original formula of Gagge et al (3)

I _M ~(ToTa) Equation 6

where.:

I In in clo units
*T. and ?a are in degrees F

and 3.09 is a numerical factor put in to accommodate. the clo unit.

.-: :_.:-:--.- . ... . . . . . . . .-.. . . . .: -;:



When sweating occurs, this original formula in *epnded to th@ 202%
general form (from equationl5

H - MR [(?TV T) (pS( -pal Eqution 7
I

In uingeqution7 fr pedicinnpuroses T n gneraly ake
at some standard value (Belding and Hatch (1) have selected 950F). The

valueo sireachsa imavauefbotr0 pw ofthe vapo ressureOf

Equations 6 and 7 thus define, for any giverrsi tlax~a Upr1an
ambient conditions, a range over which heat love cow be vaisWf bq w~etf

tcompensate for changes in mtblcheat production so that theiuuI
equilibrium can be maintained.

Al ternatively, for a given akin tempN.. --'vre and fixed heat loss
(constant m~etabolism) the equations define ra range of ambient conditions

* ~~in which theriial equilibriuma can be maintained. f
At Intermediate points within the range, the rate of sweating is 1ess

ican be evanoratod. Crly in- extrozmcly hot d-. enrirorrmat2, in which amibient
temtperatores are well above skin temperasture, are evaporative requirements
eXCessively high and a normal man limited in cooling capacity by insuffi-
cient sweat seoration (9).

3. Measurement of permeability index

The apparatus (Fig. 1) used for measuring permeability index was a
vertical 6-inch-diameter cylinder with a wetted surface. It consisted of
a copper tert aec:tion 6 inches lon'g with 3-inch copper guard rings to
prevent end losses. At the top of the cylinder was an annular mup or water
reservoir of plastic whose outside diameter was also 6 inches. A fine linan
covering was fitted tightly over the whole cylinder with the end dipping
Into the water reservoir. Water from the reservoir wicked up this linen to -

the rim of the cup and then down over the cylinder %Ath a small excess drip-.
pin off the bottom. The rate of flow of water was only slightly in excess
of the amount required to keep it wet &nd so slow that it came Into tempers-
ture ecut)ibrium-before floving very far down the cylinder. Since such a
cylinder would tend to wet the insuLlation or fabric system placed over it,
It was covnred with a single layer of 300 P.T. cellophane. This cellophane',L
wichi was thar-.jghly vashed with diatilled water, had an outer surface which
was "dry* in the sense that no free water could be blotted from it. However,
the cellophane transferred moisture so readily that repeated teats indicated
It bad a vapor prtaarure indisting-uishable from that of distilled water.

7L
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Thi cyine 3s--ry coee ihtefbi rteislto

.I.

.;ste- to be studied, was placed in a small wind tunnel in a well-insulated
room. The rooT-. was equipped with wet- and dry-bulb thermometers consisting
cf two copser-constantan therMOCOUple3, one with a wetted wick placed at
the inlet of a small blower. Since wet-bull) and dry-bulb temperatures did
not reed to be at any specific values, but onl:', tc be constant and known,
the room was used without air conditioning. The room changed temperature
by -:.ss th-an O.2FO per day (this is morm constant then an air conditioned
r.uon in which teumperature and humitdity oscillate about a fixed value).

When equilibrium, was establi-3hed, dry-bulb, wet-bulb, amnd cylinder
temperatures were measured; from these, TsA, ,,' and p5 were obtained.
Then I. was calculated using equa~ion 7 a!, as uming H to be zero.

~.Typical perreablity indices

Typical results are given only to indicate the g:eral magnitud, of
tne nemeability Ineex for both the barv? cylinder and for a sample fabric.

Valnsfo the bare cylinder are shown in Table I.

6.
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FE" ILITY FDR BM CILMM

50 1.00m
SPermeability inde 0.63 8 0.70

It vill be smen that the permeability index decreases with decrgesint
wind. ?h-'.a deome&2Asi wind zEslta iiA a thicker "still air layrm our-
rouzding the cylizert this effers grbater Impedance t, .,veporation.
Convection losses from the cylinder are decreased in kr.pLortion to evapor-
ation (9) but B.d is made up of both convection and radiation and the
latter is Dot affected by wind. Hence, the ratiof evaporative to dry
heat loss decreases and the permeability index is duced.

I The effect of spaeing a 6-os khaki poplin aw fror the cylinder is
"-. shown in Table 31. Results are given for both a stationary cylinder'

representing a stationary man, and a cylinder moved back and forth about
2-1/2 inches at 50 cycles per minute to simulate a walln m.. %

I TA B Ii

PIMUBILITY R=fl (AT VARIOUS SPACM3 OS !
THE CYLMMD) OF 6-0% KHLKI POPLIN

- (Wind Sped 50 f/m1::

Permeability IndexCWoEri Diameter Nomina __s_ _ Moving stio z ..
*(in) (in)" ."-

6 0 0.51 .4
L.7 12 0.51 oJLS

8 0.55 0.-47102o.56 o.4

-~Table In indicates that the permeability index at 50 ft/siin is less
for the mclothed = cylinder than for the bare oe (0.63) indicating that
the presence of the pcpI.in increased resistance to evaporative beat lose
more than it increased the resistance to dry heat loss. The effect of L_
moving the cylinder is to increase the pereab iitr index, vhich is as

.. expected since this increases air movoment.. Increaeing the apacing on
the moving cylinder increases the permeability index, premably because

. of increased air flow between the covering and the cylinder. When the
* .cylinder is not moving, the effect of spacing aipars negligible at thi-

low wind speed were air movement in the air apace is very alght.

............................ . . ............



Mile the rewsate quoted ber ir ses hat limited, it - be seem
that - increase in sir movmst, whether by wind (Table I) or by ucvwlnt
a . botb' (Table n), tends to increase the paeabilit index. ies

* saplied to hat-!nid avirommta, this Indicates that a fen not on1y
Inrt a dry heat transfer but also i r vses evaporativ beat transfer

* - by an even greater percentage.

STa ameseing the importance of tbe pemeability idex, tw viewpoints
will be used. The theoretical viewpoint il be disommeed ftrst s thenthe Inuctical appllcat;Lca.

a.Thsorvtioal 22cupl est r

Fro the theoretical vi dpoint, the pormeabilit Index supplies
* the slsing parameter required for cosido Ang clathed man's tbermal

b•la=@. The concept of thermal inuulatioe indicated the requirements to
keep man from being chilled in a cold enviramit, but it could give no
clue aS to wt7 heaviy-clad man exercising in a cold enviramsut could so
reGZy become overheated. With the introduction of the pemsabil iI 4ndeX,

'. rune ovr which maa can maintain thermal equilibrium hbe een esab-
iab for which the thermal insulation concept provides the lower 1JAlt.

SThiA is a shift fro the concept that the purpose of clothing is to keep
a me= as warm as poesible, to the one in which the purpose of clothing is
tQ Li! him in tharsal ailbrium.

Moreover, the tbermil ecmilbimm concept was Sonera3lr applied to
cold e©vivnmnts, occaionall y to tmeate o # d ner to wa or
hot ourirmente. An stated by Belding and Batch (1) no quntitative
parametrs could be applied to hot-weather clothing, since those parameters
verv not known. The introduction of peO abil t indx does more than
uppy the important missing parameter; it allows a pair of prameters to
deac-be the effect of clothing through a unified concept which Is the
sam wther the envi ent is hot, cold, or temperate. No longer is It
neaesmry for beat stress to be studied using nude am or those clad in
clotting which is described only by qualitative terms, snch as light."
It !Ae now theoretically possible to stu4 heat stress an vigoruly exer-
clr-=i non in temperate and cold enviromants as wen as In hot environment#.

Prthermore, this developeent points the w.r to interrelating envy-
Tuint&J factors (such as teprature and vapor pressure), plslological
fectc (such as kin t perature and skin vapor premsre) end clothing
fact.cre (such as inslation and perfeability in,:v) to give a quantitative
rolatllonship for the man -cloth ing-environrent ccmpl - Perhaps most
xpzr-.nt i s the devlopment of the qtartltative concept that there is a

r of envirorents or alternatively a nt ge in rate of heat loss,
caroawponding to different activities, Over which man can maintain thermal
equilibrium.

~L
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Figure 2 abos the oaloeatel tirvemstal limits fo' tbaml
equilibrium with a beat loss of 100 kg-cm12 /br and an insaulation of 2
elo as a function of peaiability 4Mez It will be aso that. in orde'

* . "to beY( olotbag wbioh is adaptable to a wide ran" of enviwtzinut., the
rumability index ust be high. It me a low permeability index vUh-ob

causid the vapor barrier awniozs to be so eoesively hot for 'y0ia"

-- -U.--

30
Ho 100 kg-cal/m t /hr "

AS I -2clo

cr20

(0

CL~em 0 'W
o iO- -", iO "-
>

ir ims 0.6-
• LOWER if 02 . irns 0. 4-- .-

0
20 40 60 80 100 120

• , AIR TEMPERATURE- F

Figmr 2. The apez limits of ambient cosrutions for various values of
permeability l ad--

pi

Equation 7 can be used as "folow to *how that relatively light cloth-
Ing provides the greatest ranges. This equaticn can be vritten for two
rates of heat loss. E and E" as folloqs.

is 3.09 T- +)is (Pj. Pal

And Hin3 09 To +aIs (P; -Pi

where t e superscripts Indicate the respective skin conditimcs.

. "" .
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Sutacig , - 1r -. 9[TS - TS + ,; -pa
h.. ai- 3.09 4 S A 8-

IA~m~O9~?.5~.S5PEquation

It vill be ncted that this equation does not ontain say r N iwOt-.
psA.eters, AT represeut. a range of variation in skin tmperature, and

i rips a range of variation in skin vapor pressure (which is contro t -
sweating).-

-xquation 8 hat been used to plot lines of constant IH as a funCtio.
of skin vapor pressure and skin temperature (Fig. 3). These are plotted
at intervals of 40 dlo kg-cal/v 2 /hr for two permeability idices (0.6
solid line. and 0,4 dashed line). As an ILlustration of the use of tb-
figure, a change In skin conditions fron 88F and 2.3 M 0g (point A) to

9307 and 36.mm g (point B) with2I~o 0 -~ .6 coresonds to 6 intervals at
- .- 40, or 24+0 clo kg-calfa 2 /br. Th.a. in
"A a 3 clo uniform, represento a ?han"

in heat loss of 240/3 or 80 kg-cal../ ,.."
, .In a 1/2 @lo uniform it represents a
J& . ,,tchange of 480 kg-oal/m2 /br. These

"--' values hold regardless of emwrornmau
tal conditions. except that skin vapcr
Pressure mist, of course. te at le@t.
as bigh as ambient vapor pressure.
They confirm the hypothesis that light
clothing permits the greatest s " .. ,

or that in cold envirom-.r.- -j st
--- clothing coanaltent wi" warmth ".- .. desirable.

... -With a permeability index of 0.4
a similar change in skin conditions
(from point A to point B) produces an

. , , IAH of only 4.1 x40. or 164clo
s.Uo ,T.(ATU[fA7+-, kg-cal/a 2 /hr. shoving that permeability

index should be as toigh as possible.
Yigure 3. Effect of changs. in
skin vapor pressure ad/or skin Since skin vapor prhsure can be
tesrature on heat loss at any no lower than amblent vapor pressu r,
Insulating al. it wil be seen that high hbmiditieg

produce a limited range In whiah equl--
libriwi can be maintained. Mhi also

is illustxmted bY Figure 3.

b. Practical applicatitme

From the practical viewpoint, there are so limitations as therewere In the original dry insulation concept. It shold be pointed out that

* 10

* - - * -*.."-



t. the concept of per bility index its based an equilbriv oeaitions a32
that imn cold environments these my not occur (8). In addition, it a,.
been shown that dry insulation is not uniform at all points on a cylinder
exposed to iM(2). Permeability index is likewise not exected to be
uniform. It is customry in such cases to use an average or integrated
value. although recent findings have cast some doubt on the strict valdt ,y

Uof doing so (9).

Nevertheless, permability index is of considerable practical use. It
Is particularly useful to the textile technologist and clothing designer as
a figure of merit on which to assess his product. Not only does it allow
for ranking of textiles but, by applying equation 7. the technologist can
obtain a measure of how much be ban inproved his product,..
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